Autophagy is an evolutionarily conserved catabolic process that recycles proteins and organelles in a lysosomedependent manner and is induced as an alternative source of energy and metabolites in response to diverse stresses. Inhibition of autophagy has emerged as an appealing therapeutic strategy in cancer. However, it remains to be explored whether autophagy inhibition is a viable approach for the treatment of hepatocellular carcinoma (HCC). Here, we identify that water-soluble yeast β-D-glucan (WSG) is a novel autophagy inhibitor and exerts significant antitumour efficacy on the inhibition of HCC cells proliferation and metabolism as well as the tumour growth in vivo. We further reveal that WSG inhibits autophagic degradation by increasing lysosomal pH and inhibiting lysosome cathepsins (cathepsin B and cathepsin D) activities, which results in the accumulation of damaged mitochondria and reactive oxygen species (ROS) production. Furthermore, WSG sensitizes HCC cells to apoptosis via the activation of caspase 8 and the transfer of truncated BID (tBID) into mitochondria under nutrient deprivation condition. Of note, administration of WSG as a single agent achieves a significant antitumour effect in xenograft mouse model and DEN/CCl 4 (diethylnitrosamine/carbon tetrachloride)-induced primary HCC model without apparent toxicity. Our studies reveal, for the first time, that WSG is a novel autophagy inhibitor with significant antitumour efficacy as a single agent, which has great potential in clinical application for liver cancer therapy.
Introduction
As the most common primary liver cancer, hepatocellular carcinoma (HCC) ranks as the sixth most common cancer and the fourth leading cause of cancer deaths worldwide [1] . There are several drugs used clinically in HCC treatment, such as Sorafenib (in first-line), regorafenib, cabozantinib, and ramucirumab (in second-line) [2] , but increasing severe multidrug resistance becomes a major reason for chemotherapy failure. The overall prognosis of HCC remains poor [3] and developing more effective therapeutics for HCC is of critical importance.
Autophagy, an evolutionarily conserved catabolic process and induced in response to nutrient deprivation, hypoxia and diverse cellular stresses [4] , enables intracellular contents including proteins, damaged mitochondria and other organelles engulfed by autophagosomes to be degraded and recycled in autolysosomes by lysosomal hydrolases [5, 6] . Lysosome-mediated autophagic degradation is important in the maintenance of intracellular metabolic and energetic homeostasis [7] . Dysregulation of autophagy has been closely linked to multiple disease, including cancer [8] . Autophagy has context-dependent roles in HCC [9] . On the one hand, autophagy prevents HCC development by removing damaged organelles and aggregated proteins and preventing genomic instability. On the other hand, once HCC is established, autophagy acts as a pro-survival pathway for HCC cells by providing metabolic building blocks for rapid cell proliferation and promoting viability under stresses, such as hypoxia, nutrient deficiency and chemotherapeutic stress [10] [11] [12] . It remains a tremendous challenge to understand the molecular mechanisms of autophagy in different stages of HCC, which may help to provide therapeutic targets for HCC treatment and overcome chemotherapeutic drug resistance [13] .
β-D-glucan is a polysaccharide composed of D-glucose monomers and is linked by β-(1 → 3) and β-(1 → 4) or β-(1 → 3) and β-(1 → 6) glycosidic bonds. β-D-glucan is naturally found in bacteria, fungi, algae and cereal [14] , with diverse biological effects, such as immune enhancement [15] , antitumour [16] , antioxidant [17] and anti-hypertension [14] . The cell wall of Saccharomyces cerevisiae is one important source of β-D-glucan. However, yeast β-D-glucan shows extremely low solubility in water, which greatly restricts its application. We developed a method to prepare water-soluble yeast β-D-glucan (WSG) with enhanced solubility [18] . Emerging evidence has shown that β-D-glucan exhibits promising antitumour potential, acting as an immune modulator to enhance the immune system and kill the tumour cells [19, 20] , or inducing cell cycle arrest and apoptosis, thereby inhibiting tumour invasion, adhesion, and metastasis [21] . In addition, β-D-glucan is used as an adjuvant drug combined with conventional chemotherapeutic drugs in the treatment of cancer [22] . However, it remains to be studied whether β-D-glucan can modulate autophagy against HCC.
In this study, we discover a new antitumour mechanism of WSG by blocking autophagic degradation through increasing lysosomal pH and inhibiting lysosomal cathepsins activities, which results in the accumulation of damaged mitochondria and reactive oxygen species (ROS) production. Furthermore, WSG decreases HCC cells metabolism in glycolysis and TCA cycle and sensitizes HCC cells to apoptosis under nutrient deprivation. More excitingly, WSG significantly inhibits tumour growth in xenograft mouse model and DEN/CCl 4 (diethylnitrosamine/carbon tetrachloride)-induced primary HCC model without apparent toxicity. Our findings demonstrate that WSG is a novel autophagy inhibitor and exerts significant antitumour effect with therapeutic potential in the clinical treatment of HCC.
Results

WSG exerts direct inhibition on HCC cell proliferation in vitro and in vivo
The structure of WSG is shown in Fig. 1A . WSG is polymerized by glucose monomers and its main chain is linked by β-(1 → 3)-glycosidic bonds. To examine the direct effect of WSG on HCC cell proliferation, we treated Huh7 cells with WSG at different concentrations and different time points. WSG inhibited Huh7 cells proliferation in a dosedependent manner and reached an inhibition rate of about 50% at 8 mg/ml ( Fig. 1B) . We also observed a time-dependent inhibition of cell proliferation by WSG (Fig. 1C ). Furthermore, the inhibitory effect of WSG was applicable to several other HCC cell lines in a dose-dependent manner, such as SMMC-7721 cells, HepG2 cells, LM3 cells and human primary HCC cells LIXC 501 cells (Figs. S1A-D). Thereafter, to assess its specificity towards cancer cells, we determined the cytotoxicity of WSG in human normal liver HL-7702 cells. Compared to HCC cells, WSG exhibited a slight inhibition on HL-7702 cells at two different time points (Figs. S1E and F). These results clearly show that WSG specifically inhibits HCC cell proliferation without significant cytotoxicity towards normal liver cells.
Next, we performed Huh7 cell xenograft model to study the antitumour effect of WSG in vivo. Huh7 cells were subcutaneously injected into right and left flanks of BALB/c male nude mice. Vehicle, 150 mg/ kg and 300 mg/kg of WSG were administered through intraperitoneal injection (i.p.) every other day ( Fig. 1D ). WSG exhibited potent antitumour activity in vivo without significantly affecting body weights during the experiment period (Fig. 1E ). The tumour weight and volume were dose-dependently inhibited by WSG ( Fig. 1F-H) . The tumour growth inhibition rate was higher than 50% in 300 mg/kg WSG group compared to control group (Fig. 1H ). In addition, the expression of Ki67, strongly associated with tumour cell proliferation and growth as a proliferation marker in routine pathological examination, was dosedependently reduced by WSG in tumours ( Fig. 1I ). Taken together, WSG exerts direct inhibition on HCC cell proliferation in vitro and in vivo without apparent toxicity and side effects.
WSG inhibits autophagic flux at its late stage
Next, we investigated whether WSG exert its antitumour effects through inducing cell cycle arrest. Flow cytometry assays of propidium iodide (PI) DNA staining revealed that WSG treatment for 48 h did not have significant effect on the distribution of cell cycle in Huh7 cells ( Fig. S1G ). Consistently, the protein expressions of STAT 3, cyclin-dependent kinases inhibitors p21 and p27 and cyclins, such as Cyclin D1, Cyclin E1, Cyclin A2 and Cyclin B1, did not change significantly ( Fig.  S1H ). Together, WSG inhibits tumour cell proliferation without causing cell cycle arrest.
To investigate the underlying mechanisms responsible for the antitumour effects of WSG, we performed transcriptomic RNA sequencing (RNA-Seq) analysis on Huh7 cells treated with WSG. We found 535 differentially expressed genes (DEGs), among which 144 genes were upregulated and 391 genes were down-regulated compared to control group (Fig. S1I ). Interestingly, we found that the autophagy-related genes, such as Map1lc3a, Map1lc3b2, Sqstm1, Ctsb and Ctsd, were significantly up-regulated ( Fig. 2A ). To further investigate the effect of WSG on autophagy, we first tested WSG treatment on GFP-LC3 puncta in Huh7 cells, a well-known marker of autophagosomes. As shown in Fig. 2B , WSG enhanced the GFP-LC3 puncta formation significantly. Then we examined the changes of the LC3 conversion by western blotting, and the protein level of LC3-II was markedly increased after WSG treatment (Fig. 2C ). The increase of GFP-LC3 puncta and LC3-II levels demonstrated that autophagosomes were accumulated upon WSG treatment, which may be a result of increased formation of autophagosomes (increased autophagic flux) or blockage of autophagosomes degradation (inhibition of autophagy at its late stage). We next tested the expression of p62 protein, a selective autophagy receptor for degradation of ubiquitinated substrates as they interact with LC3 and polyubiquitin [23] . We found that p62 was also increased, consistent with RNA-Seq analysis. Similarly, the protein levels of LC3-II and p62 were increased in SMMC-7721 cells (Fig. S2A ). Interestingly, the proteins upstream of autophagic process, such as BECN1, ATG5 (autophagy-related 5), mTOR and AMPK, did not change significantly (Fig. 2C ). These data indicated that WSG may inhibit autophagy at its late stage.
Next, we used autophagy inhibitor Baf A1 (Bafilomycin A1), a vacuolar H + ATPase inhibitor that inhibits the fusion between autophagosomes and lysosomes, to evaluate the effect of WSG on autophagic flux. There was no further increase in LC3-II levels with combined treatment of WSG with 50 nM Baf A1 ( Fig. 2D ), demonstrating that WSG inhibits the late stage of autophagy rather than promoting autophagosome formation. To further verify that WSG inhibits autophagic late stage, we used a tandem fluorescence RFP-GFP-LC3 reporter system to monitor autophagosome maturation and autolysosome formation. In a normal autophagic process, it gives rise to more red-only puncta when the fluorescence of GFP is quenched due to low lysosomal pH, whereas RFP is acid-insensitive. Otherwise, it appears to be more yellow puncta when the late stage of autophagy is blocked, which may result from the inhibition of the fusion between autophagosomes and lysosomes or the impairment of lysosomal function [24] . As shown in Fig. 2E , there was a (caption on next page) N. Wang, et al.
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WSG impairs lysosome function by increasing lysosomal pH and inhibiting cathepsin activities
To confirm our hypothesis, we examined the autophagosome-lysosome fusion through the colocalization of the autophagosomal marker GFP-LC3 with lysosome marker LAMP1 [25] . As shown in Fig. 3A , nutrient deprivation with HBSS (Hank's Balanced Salt Solution) treatment induced a remarkable colocalization of GFP-LC3 puncta with LAMP1 (yellow puncta) with a high PCC (Pearson correlation coefficient) of 0.60, suggesting that the fusion between autophagosomes and lysosomes was normal during starvation upon autophagy activation. In contrast, Baf A1, which prevents autophagosome-lysosome fusion, exhibited a significant separation of GFP-LC3 puncta and LAMP1 (PCC = 0.34). Of note, we found that WSG treated cells exhibited increased yellow puncta similar to the effect of nutrient deprivation, indicating that the fusion between autophagosomes and lysosomes was not inhibited by WSG treatment (Fig. 3A) .
The low lysosomal pH is required for maintaining lysosomal function. Next we evaluated the lysosomal pH by using lysosensor DND-189, which exhibited a pH-dependent increase in fluorescence intensity upon acidification [26] . WSG significantly decreased the fluorescence, indicating an increase of lysosomal pH. This effect was similar to that of CQ, albeit to a much lesser extent ( Fig. 3B ). Cathepsins, the major group of proteases inside lysosome, plays an important role in maintaining cellular homeostasis by degrading and recycling cellular contents, which is especially important for the execution of autophagy [27] . They are synthesized as inactive pro-cathepsins and can be activated by other proteolytic enzymes or autohydrolyzed to form active cathepsins under acidic conditions [27] . The roles of cathepsins has been extensively investigated in cancer development, and overexpression and hypersecretion of pro-cathepsins/cathepsins have been shown to induce proliferation and migration in numerous cancers [28, 29] . We next examined the maturation process of cathepsin D (Cat D) and cathepsin B (Cat B) by western blotting. Consistent with the increased lysosomal pH, the mature form of Cat D and Cat B reduced dramatically in a dosedependent manner upon WSG treatment both in Huh7 cells ( Fig. 3C ) and SMMC-7721 cells ( Fig. S2B ), suggesting an impaired function in autolysosomal degradation of intracellular components. Next, we conducted transmission electron microscopy (TEM) analysis and found there was a significant increase in autophagic vacuoles which contained cellular contents or organelles appearing morphologically intact in WSG treated Huh7 cells, illustrating that the degradation function of autolysosomes was impaired ( Fig. 3D ). Previous studies reported that lysosomal dysfunction can result in an increased level of ubiquitinated proteins [30, 31] . As expected, WSG significantly increased the accumulation of ubiquitinated proteins in Fig. 3E . Taken together, all these results demonstrate that WSG impairs lysosomal function by increasing its pH and inhibiting cathepsins activities, which blocks the degradation of autophagic cargos.
Autophagy inhibition by WSG decreases the metabolism in glycolysis and the TCA cycle
Autophagy plays a critical role in cancer to support tumour metabolism, given that the degradation of autophagic cargos provides a variety of metabolic materials for recycling into various metabolic pathways of cancer cells [32, 33] . Metabolic reprogramming is a core hallmark of cancer. Increased aerobic glycolysis, known as Warburg effect, is often observed along with up-regulation of glucose transporters and glucose uptake in various cancers [34] . As the centre of oxidative phosphorylation, TCA cycle is also upregulated to meet the requirements of cellular energy production, biosynthesis and redox balance in cancer cells. Emerging studies demonstrate that the TCA cycle is a potential target for cancer therapy despite early dogma that cancer cells appear to bypass the TCA cycle and mainly utilize aerobic glycolysis [35, 36] . Our transcriptomic RNA-Seq data showed that the expression levels of most metabolism-related genes were significantly down-regulated upon WSG treatment ( Fig. 4A ). And the glucose consumption was reduced dramatically in Huh7 cells in a dose-dependent manner ( Fig. 4B) , consistent with the decreased expression of glucose transporter genes Slc2a1 and Slc2a4 in Fig. 4A .
To further investigate the effect of WSG on cellular metabolism, we traced the cellular metabolic flux changes in Huh7 cells using gas chromatography and mass spectrometry (GC-MS) techniques after incubated the cells with the medium containing 50% stable isotope labelled U-13 C-glucose (uniform labelled glucose, labelled at all six carbons). Interestingly, the enriched labelled carbon in both glycolysis and the TCA cycle from the labelled glucose were clearly decreased dosedependently ( Figs. S3A and B ). And the M+3 ( 13 C labelled at all three positions) fraction of enriched labelled metabolites in glycolysis, such as pyruvate, alanine and lactate, were significantly reduced compared with control ( Fig. 4C and D), suggesting that glycolysis flux was apparently inhibited upon WSG treatment. In addition, pyruvate enters the TCA cycle through pyruvate dehydrogenase (PDH), pyruvate carboxylase (PC) or malate enzyme (ME). PDH produces metabolites of M +2 ( 13 C labelled at two positions), whereas PC or ME produces metabolites of M+3, including malate, asparate and fumarate, in the first turn [37] . As shown in Fig. 4E and F, WSG treatment significantly reduced M+2 and M+3 fraction of enriched labelled metabolites in TCA cycle. These results demonstrated that tumour cell metabolism was significantly decreased in glycolysis and the TCA cycle upon WSG treatment, consistent with our previous results that WSG inhibited autophagic degradation and reduced metabolic materials for recycling.
Blockage of autophagic degradation by WSG causes damaged mitochondria accumulation and ROS production, which sensitizes HCC cells to apoptosis under nutrient deprivation condition
Autophagy is a critical adaptive factor for tumour cells to survive diverse stresses by removing damaged mitochondria, controlling ROS production, and reducing apoptosis [38] . Mitochondria, where the TCA cycle takes place in eukaryotic organisms, is essential for ATP production, redox balance and biosynthesis of key intermediates in various tumours [36] . From our TEM analysis, we noted that the morphology of mitochondria changed significantly in WSG treated Huh7 cells.
Compared to control, the mitochondria appeared to be swollen and round, of which the matrix became bright or electron-translucent and the cristae was shorter, broken and arranged loosely (Fig. 5A) . Besides, the mitochondrial membrane potential (MMP), an important indicator of mitochondrial health, was significantly decreased and the ROS production was increased in a dose-dependent manner upon WSG treatment ( Fig. 5B and C) . And the ratio of ATP/AMP and ATP/ADP was also reduced (Fig. 5D ) analysed by liquid chromatography with tandem mass spectrometry (LC-MS/MS). Consistent with decreased TCA cycle metabolism, these results suggested that WSG caused mitochondria dysfunction. Autophagy is an important way to remove damaged mitochondria, whereas WSG inhibited autophagic degradation according to our previous results. As shown in Fig. 5A , the number of damaged mitochondria in WSG treated cells was more than control, indicating an impaired lysosomal function to remove damaged mitochondria.
Since nutrient deprivation is one of the most pervasive microenvironment stresses in solid tumours, autophagy enables tumour cells to be more tolerant to such extreme conditions to escape from cancer therapy [39] . To investigate whether WSG-mediated autophagy inhibition could affect the survival of HCC cells under nutrition deficiency, we treated Huh7 cells with WSG in the presence or absence of the fetal bovine serum (FBS). Interestingly, we found that there was no obvious apoptosis with WSG treatment or serum starvation alone, whereas a combination of WSG treatment with serum starvation led to significant apoptosis (Fig. 5E ). Furthermore, the increased protein levels of LC3-II and p62 and reduced mature form of Cat D and Cat B indicated that autophagy was blocked and lysosomal function was impaired upon WSG treatment under serum starvation (Fig. 5F) , consistent with our previous results under complete medium. Moreover, we found that caspase 8 was activated a dose-dependent manner upon WSG treatment under serum starvation ( Fig. 5F and G) .
The apoptosis can be induced via the extrinsic pathway or the intrinsic pathway. It has been reported that the two pathways converge on the cleavage of the protein BID into the truncated BID (tBID) by activated caspase 8, which results in mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome c into the cytosol by various intracellular stimuli, including oxidative stress, hypoxia, DNA damage, and nutrient deprivation [40, 41] . Next, we isolated mitochondria from cytosol and found caspase 8 activation significantly increased the formation of tBID in the mitochondria upon WSG treatment under serum starvation (Fig. 5H) . These results indicated that HCC cells were more sensitive to apoptosis upon WSG treatment under nutrient deprivation condition via the intrinsic and extrinsic pathways, suggesting that WSG had a more effective antitumour effect in extreme tumour living conditions, such as nutrient deprivation and hypoxia in the tumour microenvironment.
WSG attenuates DEN/CCl 4 -induced primary liver cancer tumorigenesis
To investigate whether WSG-inhibited autophagy in vitro translates into anti-tumour effects in vivo, we performed DEN/CCl 4 (diethylnitrosamine/carbon tetrachloride)-induced primary hepatocellular carcinoma model in C57BL/6 mice. After injection of DEN and CCl 4 at the 3rd and 8th week respectively, mice were divided into four groups and then administrated with 50 mg/kg WSG, 25 mg/kg CQ, 50 mg/kg WSG and 25 mg/kg CQ or vehicle through intraperitoneal injection at the 12th to 39th week (Fig. 6A ). Mice were sacrificed at the 39th week. As expected, the body weights of four groups had no significant difference and we did not observed apparent behaviour alterations among these four groups (Fig. S4A ), suggesting that the administrated concentration of WSG was well tolerated without apparent toxicity. WSG or CQ treated mice had significantly smaller liver weight and the ratio of liver/body weight ( Fig. S4B and Fig. 6C ), moreover, total tumour numbers, the incidence of tumours larger than 5 mm and the max tumour volume were all decreased significantly compared to control group (Fig. 6D-F ). In addition, the expression of Ki67 was significantly reduced in the treatment groups compared to the control (Fig. 6G and  H) . Although the combination of WSG and CQ did not show synergistic antitumour effects, WSG alone achieved similar antitumour effects to CQ. Next, we performed western blot analysis in tumour tissuess and observed that exposure of WSG, CQ, or the combination of both compounds increased the protein level of LC3-II and p62, and reduced the mature form of Cat B than control groups, indicating effective autophagy inhibition and lysosomal dysfunction by WSG treatment (Fig. 6I) . Furthermore, the cleaved caspase 8 was also increased in WSG treated groups, indicating that WSG triggered cell apoptosis to inhibit tumour growth (Fig. 6I ). All together, these data demonstrated that WSG was a potential antitumour agent in treatment of HCC by inhibiting autophagic degradation and inducing tumour cell apoptosis in vivo.
Discussion
HCC is one of the leading causes of cancer death worldwide. Despite considerable improvements in HCC treatment, clinical drug treatment is limited due to drug resistance and the five-year survival rate still remains unsatisfactory. A growing number of studies showed that autophagy is one of the risk factors of HCC and targeting autophagy has been explored as a potential therapeutic strategy for HCC [13] . In this study, we found WSG significantly inhibited HCC cell growth, glycolysis and TCA metabolism, and induced HCC cell apoptosis under nutrient deprivation by inhibiting autophagy and impairing lysosomal function (Fig. 7) . In addition, WSG exerted remarkable tumour inhibition activity in our xenograft mouse model and DEN/CCl 4 -induced primary HCC mouse model. Our study has demonstrated, for the first time, that WSG is a novel autophagy inhibitor with great potential for HCC treatment.
In the light of understanding the pro-survival role of autophagy in tumour cells under various stresses, autophagy inhibition has been explored as an appealing therapeutic strategy in cancer. Multiple steps in the autophagy pathway provide potential drug targets for cancer therapy. Lysosome inhibitors CQ and HCQ (hydroxychloroquine) are currently the only clinically available drugs targeting autophagy in cancer therapy, however, the inconsistent inhibition of autophagy among patients and dose-limiting toxicities limited further clinical application of the HCQ therapy [4] . The next generation lysosome inhibitors are also in development, such as Lys05, which is a more potent autophagy inhibitor than CQ and HCQ due to its single-agent antitumour activity and greater deacidification capacity of the lysosome [42] . Inhibitors against autophagy regulators, such as VPS34 (vacuolar sorting protein 34 that forms a complex with BECN1) [43] [44] [45] , ULK1 (human homolog of ATG1) [46] and ATG4B (in conjunction with ATG7) [47] , have been reported to inhibit tumour growth in preclinical mouse models. Although there are many ongoing clinical trials targeting autophagy for cancer treatment, none of them focuses on HCC. Thus, it is of great significance for clinical trials targeting autophagy using novel autophagy inhibitors with lower toxicity and better therapeutic effect for HCC therapy [9] .
β-D-glucans possess strong immune-modulatory activities, which have been proven by in vitro and in vivo clinical trials based on animals and humans [14] . We found WSG exerted prominent antitumour effects in immunodeficient BALB/c nude mice (Fig. 1F-H) , which lack a thymus and are unable to produce T-cells, suggesting that the direct antitumour effects of WSG was independent of the immune system. Next, we determined whether autophagy plays an important role in the direct antitumour mechanism of β-D-glucan against HCC. Our results suggested that WSG was a novel autophagy inhibitor and inhibited autophagic flux at its late stage in HCC cells (Fig. 2) .
To fully understand the possible mechanism of WSG on autophagy inhibition, we examined the autolysosome formation and lysosomal function upon WSG treatment. Lysosome is an intracellular acidic organelle and its low luminal pH (4-5) is indispensable for lysosomal enzyme activation and cargo degradation. It has been reported that an increase in lysosomal pH can impair the fusion of lysosomes with autophagosomes [48] . However, another study has also confirmed that autophagosome-lysosome fusion and autolysosome acidification are two separable processes and observed that the vesicle fusion remains active after genetically depleting individual subunits of the V-ATPase, which is lysosomal proton pump to maintain the low lysosomal luminal pH [49] . Cathepsins are among the most important lysosomal hydrolases that degrade lysosomal proteins at an acidic pH [29] . These proteins are first synthesized as inactive pre-pro-cathepsins in rough endoplasmic reticulum, where they are removed of the signal peptide and glycosylated to yield pro-cathepsins. Pro-cathepsins are transported to the Golgi and undergo further glycosylation and phosphorylation to form mannose-6-phosphate proteins, which are targeted to lysosomes by mannose-6-phosphate receptors and then are hydrolyzed at the acidic lysosomal environment to form active and mature cathepsins [28, 50] . Our data strongly suggest that WSG blocks autophagic flux by increasing lysosomal pH and inhibiting cathepsins activities without affecting the fusion between autophagosomes and lysosomes ( Fig. 3A-C) .
Autophagy can degrade diverse substrates to feed into various metabolic pathways that implicated its potential role in supporting tumour metabolism. Previous study has provided evidence that autophagy is important for Ras-mediated oncogenic transformation due to its maintenance of glycolysis [51] . Knockdown of ATG7 results in decreased glycolysis in chronic myeloid leukemia cells, demonstrating the importance of autophagy in sustaining glycolysis [52] . Our metabolic flux assays using labelled glucose showed that glycolysis and TCA metabolism were significantly decreased upon WSG-induced autophagy inhibition (Fig. 4 ). In addition, autophagy is also essential for maintaining mitochondrial quality control and removing damaged proteins and organelles, particularly mitochondria [33] . Autophagy deficiency increased the accumulation of defective mitochondria and impaired tumour development in Kras-driven model [53] . Of note, there was significant accumulation of damaged mitochondria and ROS production in cancer cells treated with WSG ( Fig. 5A-C) , along with the accumulation of autophagic cargos including ubiquitinated proteins ( Fig. 3D  and E) .
It is well established that autophagy promotes tumour cell survival during periods of stresses, such as hypoxia, nutrient deficiency and therapeutic resistance. Based on the fact that caspase 8 was activated both in FBS-free culture condition (Fig. 5F ) and tumour tissues from C57BL/6 mice (Fig. 6I ), we demonstrated that WSG sensitized HCC cells to apoptosis under nutrient deprivation. Previous findings have demonstrated a link between autophagy and the extrinsic apoptotic pathway mediated by p62, which binds caspase 8 to enable its aggregation and activation [54] . However, we found that caspase 8 activation was independent of p62 upon WSG treatment under serum starvation when we knocked down p62 (data not shown). It has also reported that the autophagy inhibitor CQ can sensitize breast cancer cells to chemotherapy independent of autophagy [55] . It is conceivable that the action of WSG to inhibit autophagy may partially contribute to the apoptosis induced by WSG under nutrient deprivation.
In summary, we have uncovered a novel mechanism underlying antitumour effects of β-D-glucan that WSG suppresses autophagy by increasing lysosomal pH and inhibiting lysosome cathepsins, resulting in the blockage of autophagic degradation. The accumulation of damaged mitochondria finally leads to ROS production. Furthermore, WSG sensitizes HCC cells to apoptosis via the intrinsic and extrinsic pathways under nutrient deprivation (Fig. 7) . Our study has demonstrated for the first time that WSG is a natural autophagy inhibitor with a great potential in clinical application for liver cancer therapy.
Materials and methods
Cell culture
Huh7 cells, SMMC-7721 cells, LM3 cells and HL-7702 cells were purchased from the Cell Bank of Chinese Academy of Sciences, Shanghai, China. LIXC501 cells were the primary tumour cells that separated from human primary liver tumour tissues of the early stage HCC patients. These cells were cultured in Dulbecco's Modified Eagle Medium (Hyclone) supplemented with 10% FBS (Hyclone) and 1% penicillin-streptomycin (Gibco) at 37°C in a 5% CO 2 humidified atmosphere. WSG was dissolved in medium and then filtered the medium through 0.22 μm Steriflip filter (Millipore) for cell culture. All experiments were performed at least 3 independent experiments or 3 repeats. Fig. 7 . A working model of antitumour effect of WSG by inhibiting autophagic degradation. WSG inhibits autophagy flux by inhibiting lysosome acidification and lysosome cathepsins activities without affecting the fusion between autophagosomes and lysosomes. The blockage of autophagic degradation leads to the accumulation of damaged mitochondria and reactive oxygen species (ROS) production. Furthermore, WSG sensitizes liver cancer cells to apoptosis via the cleavage of the protein BID into the truncated BID (tBID) by activated caspase 8, which results in activation of the mitochondrial apoptosis pathway under nutrient deprivation.
Cell viability assay
2 × 10 3 cells/well was seeded in 96-well plates for 6 repeats. After adherent, cells were treated with WSG-contained medium for different time points. Then Cell Counting Kit with a catalogue number of #OCPA(C) 20132001(2) (Obio Technology, Shanghai, China) was added to each well at the indicated time according to the manufacturer's instruction.
Mouse models
All animal experimental protocols were approved by Institutional Animal Care and Use Committee at Shanghai Institute of Nutrition and Health, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences.
Xenograft tumour growth mouse model
Huh7 cells (2 × 10 6 ), resuspended in 75 μl DMEM and ECM gel matrix, were injected subcutaneously into both sides of 5-week-old BALB/c male nude mice (Shanghai Super B&K laboratory animal Corp). Mice were randomly divided into 3 groups on the third day after injection and were administrated with vehicle (0.9% NaCl solution), 150 mg/kg and 300 mg/kg WSG via intraperitoneal injection every other day for 4 weeks. The tumour volume and body weight were recorded at the same time of administration. Tumours were collected and weighted after the mice were sacrificed. Tumour volumes were calculated using formula V = 0.52 × a × b 2 where "a" is tumour length and "b" is tumour width. The animals were maintained in individually ventilated cages at 23-25°C, a relative humidity of 50-60% under specific pathogen-free environment.
DEN/CCl 4 -induced primary liver cancer mouse model
Three-week-old male C57BL/6 mice were purchased from Shanghai Model Organisms Center, China. C57BL/6 mice were injected with DEN (Sigma, 50 μg/g, i. p.) when they were 3 weeks old. The mice were randomly divided into 4 groups and treated with CCl 4 (5 μl/g of 9:1 mixture of olive oil and CCl 4 , i. p.) at 8th week twice a week for 3 months and their body weight was recorded at the same time. WSG and CQ (Chloroquine diphosphate salt, Sigma) were administrated (i.p.) at the dose of 50 mg/kg and 25 mg/kg dissolved in vehicle (0.9% NaCl solution), respectively, at 12 weeks of age three times a week. Mice were killed under isoflurane anaesthesia at 39th week. Livers and tumours were rapidly excised, weighted, freshly frozen in liquid nitrogen and stored at −80°C until immunoblot analysis. A small part of the livers were fixed in formalin for further immunohistochemistry and hematoxylin and eosin staining.
Cell cycle assay
Huh7 cells were treated WSG (8 mg/ml) for 48 h. Digestion of adherent cells using 0.5% trypsin (Gibco). Cells were washed with Dulbecco's phosphate buffered saline (PBS) twice and resuspended into single cell suspension and fixed with chilled 70% ethanol overnight at −4°C. Before analysis, the cells were stained with Propidium Iodide (PI) by using Cell Cycle and Apoptosis Analysis Kit (Beyotime Biotechnology, C1052) according to the manufacturer's protocol. The cells were analysed using the FACS flow cytometry (FACSCalibur; Becton Dickinson, USA)
Western blotting
Western blotting was performed as described previously [56] . The following antibodies were used for western blotting: STAT 3 (Abcam, ab109085), p-STAT 3 (phospho S727, Abcam, ab30647), p21 (Proteintech, 10355-1-AP), p27 (Proteintech, 25614-1-AP), Cyclin D1 (Abcam, ab134175), Cyclin E1 (Abcam, ab133266), Cyclin B1 (Abcam, ab181593), Cyclin A2 (Abcam, ab181591), LC3 (Cell Signalling Technology, 2775S), p62 (Abcam, ab91526), p-AMPK (Thr172, Cell Signalling Technology, 2535S), AMPK (Cell Signalling Technology, 5832T), p-mTOR (Ser2448, Cell Signalling Technology, 5536P), mTOR (Cell Signalling Technology, 2983P), BECN1 (Santa Cruz, sc-48341), ATG5 (Proteintech, 10181-2-AP), GAPDH (Proteintech, 60004-1-Ig), Cathepsin D (Cell Signalling Technology, 2284), Cathepsin B (Cell Signalling Technology, 31718), Ub (Santa Cruz, sc-8017), Caspase 8 (Proteintech, 13423-1-AP), Bid (Cell Signalling Technology, 2002T), VDAC1/2 (Proteintech, 10866-1-AP), ki67 (Abcam, ab15580), LAMP1 (Cell Signalling Technology, 9091S).
RNA-sequence analysis
Huh7 cells were treated with 8 mg/ml WSG and were lysed with TRIzol reagent. The library preparation and sequencing were carried out by Shenzhen Genomics Institute BGI (Wuhan, China). We measured the expression of the transcript isoforms using RSEM, and used the NOISeq method to screen differentially expressed genes (DEGs) between 2 groups. Microarray data is available here: https://www. biosino.org/node/project/detail/OEP000452.
Transmission electron electron microscopy
Huh7 cells were treated with WSG (8 mg/ml) in complete medium for 48 h and fixed by 2.5% glutaraldehyde at 4°C overnight. Samples for TEM imaging were prepared and stained as described previously [57] and observed under transmission electron microscope transmission electron microscopy (FEI Tecnau G2 spirit).
Immunofluorescence and fluorescence microscopy
For GFP-LC3 and lamp1 colocalization, Huh7 cells were transfected with GFP-LC3 plasmid for 48 h and cells were then seeded to a cover glass slide chamber and treated with WSG, HBSS (Gibco) or Baf A1 (Selleck). Immunofluorescence staining was performed as previously described [57] .
For autophagic flux analysis, Huh7 cells were seeded and grown overnight on a 20-mm-glass-bottom cell-culture dish (NEST, 801001). The formation of autolysosomes in cells treated with WSG and CQ was detected using the Premo Autophagy Tandem Sensor RFP-GFP-LC3B Kit (Thermo Fisher Scientific, P36239) according to the manufacturer's protocol. Nuclei were stained in FBS-free DMEM medium contained 5 ng/ml hoechst (Thermo Fisher scientific) at 37°C for 10 min.
For GFP-LC3 puncta assay, cells were transfected with GFP-LC3 plasmid for 48 h, and then plated on a 20-mm-glass-bottom cell-culture dish and treated with WSG. All fluorescent images were taken using confocal microscopy (Carl Zeiss Meditec, Inc.) and quantified using Image J software.
Lysosomal pH assay
Huh7 cells (6 × 10 4 ) were plated on a 20-mm-glass-bottom cellculture dish and treated with WSG or CQ. Then cells were incubated with 2 μM LysoSensor Green DND-189 (Shanghai Yeasen) reagent at 37°C for 45 min. Nuclei were stained in FBS-free DMEM medium containing 5 ng/ml hoechst at 37°C for 10 min. Fluorescent images were taken using confocal microscopy.
3.12. Labelled 13 C-glucose assay and analysis by GC-MS 1.5 × 10 6 Huh 7 cells were seeded in 10 cm dish. After cells were adherent, the medium was changed with U-13 C-glucose medium which contains low glucose DMEM (1 g/L glucose, no glutamine, Gibco, 11054-020), 1 g/L U-13 C-glucose (Cambridge Isotope Laboratory), 1 mM pyruvate, 2 mM L-glutamine, 10% FBS and 1% penicillin-streptomycin with or without WSG. It was regarded as 0 h at this time point. U-13 C-glucose medium after cell culture was collected at 24 h and 48 h. The cell plates were immediately put on dry ice and added with 2 ml 50% methanol (precooled at −80°C) for 20 min. Then scraped off the cells with cell scraper and transferred the cell lysate into tubes on dry ice. 1.5 ml chloroform was added into the tubes and samples were then vortexed and centrifuged at 14000 g for 15 min at 4°C. The supernatant were lyophilized in a vacuum concentrator and resolved with 70 μl Oisobutylhydroxylamine (20 mg/ml) at 85°C by metal bath for 20 min 30 μl derivative reagent N-tert-Butyldimethylsilyl-N-Methytrifluoroacetamide (Sigma) was added to each tube at 85°C by metal bath for 1 h. Samples were centrifuged at 14000 g for 15 min at 4°C. The supernatant was for GC-MS analysis.
GC-MS analysis was performed as described previously [58] . A Shimadzu QP-2010 Ultra GC-MS was programmed with an injection temperature of 250°C injection split ratio 1/10 and injected with 1 μl of sample. The GC column used was a 30 m × 0.25 mm × 0.25 mm HP-5ms. GC-MS data were analysed to determine isotope labelling and quantities of metabolites and implemented in MATLAB [59] .
Glucose consumption assay
Collected medium from labelled 13 C-glucose was used to measure the glucose consumption by D-Glucose Assay Kit (R-Biopharm, 10716251035) according to the manufacturer's protocol.
3.14. Measurement of mitochondrial membrane potential (MMP) and reactive oxygen species (ROS) 1.5 × 10 4 Huh7 cells were seeded in 48-well plates and treated with different concentration of WSG for 48 h. Cells were stained as previously described [56] . The MMP or ROS was determined by High-Content Screening (HCS, Thermo scientific).
ATP, ADP, and AMP detection by LC-MS/MS
We used TSQ Vantage LC-MS interfaced with Ultimate 3000 Liquid Chromatography system (Thermo Scientific) and Triple quadrupole mass spectrometry to detect ATP, ADP and AMP of cells. Polar metabolites were extracted according to the previous protocol [60] . Samples and standards were measured using a TSQ Vantage equipped with a HILIC column (Amide 4.6 × 100 mm ID 3.5 μm; Part No: 186004868, Waters). Compounds were eluted from the column with a linear gradient as flows: 0-3 min, 15% A; 3-16 min, to 50%A; 16-20 min, to 85% A; 20-23 min, to 15% A; 23-25 min, 15% A. All samples were measured in negative mode.
Caspase 8 activity
Huh7 cells were treated with WSG (8 mg/ml) in FBS-free medium for 48 h. Caspase 8 activity was measured with Caspase 8 Activity Assay Kit (Beyotime Biotechnology, C1151) according to the manufacturer's protocol.
Apoptosis assay
Huh7 cells were treated with WSG (8 mg/ml) in complete medium or FBS-free medium for 48 h. Digestion of adherent cells using 0.5% trypsin (Gibco) and suspended cells were also collected. Cells were stained with FITC Annexin V and PI by using FITC Annexin V Apoptosis Detection Kit (BD Pharmingen, 556547) according to the manufacturer's protocol. Analyse by flow cytometry within 1 h.
Mitochondria isolation
Huh7 cells were treated with WSG (8 mg/ml) in FBS-free medium for 48 h. Mitochondria was isolated using Cell Mitochondria Isolation Kit (Beyotime Biotechnology, C3601) according to the manufacturer's protocol.
Statistical analysis
Data are presented as mean ± SEM. Statistical significance was analysed using the unpaired two-tailed Student's t-test at least 3 independent experiments using GraphPad Prism (GraphPad Software, USA). P-value < 0.05 was considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.
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